Summary Signaling through the beta-2 adrenergic receptor (B2AR) on the osteoblast influences bone remodeling in rodents. In the B2AR gene, three polymorphisms influence receptor function. We show that these polymorphisms are not associated with fracture risk or bone mineral density in the UCP, Rotterdam Study, and GEFOS cohorts.
Introduction Signaling through the beta-2 adrenergic receptor (B2AR) on the osteoblast influences bone remodeling in rodents. In the B2AR gene, three polymorphisms are known to influence receptor function in vitro and in vivo (rs1042713, rs1042714, and rs1800888). We examined the role of these polymorphisms in the B2AR gene on human bone metabolism. Methods We performed nested case-control studies to determine the association of these polymorphisms with fracture risk in the Utrecht Cardiovascular Pharmacogenetics (UCP) cohort and in three cohorts of the Rotterdam Study. We also determined the association of these polymorphisms with bone mineral density (BMD) in the GEFOS Consortium. UCP contains drug-dispensing histories from community pharmacies linked to national registrations of hospital discharges in the Netherlands. The Rotterdam Study is a prospective cohort study investigating demographics and risk factors of chronic diseases. GEFOS is a large international collaboration studying the genetics of osteoporosis. Fractures were defined by ICD-9 codes 800-829 in the UCP cohort (158 cases and 2617 unmatched controls) and by regular X-ray examinations, general practitioner, and hospital records in the Rotterdam Study (2209 cases and 8559 unmatched controls). BMD was measured at the femoral neck and lumbar spine using dualenergy X-ray absorptiometry in GEFOS (N=32,961).
Results Meta-analysis of the two nested case-control studies showed pooled odds ratios of 0.98 (0.91-1.05, p=0.52), 1.04 (0.97-1.12, p=0.28), and 1.16 (0.83-1.62, p=0.38) for the associations between rs1042713, rs1042714, and rs1800888 per minor allele and fractures, respectively. There were no significant associations of the polymorphisms and BMD in GEFOS. Conclusion In conclusion, polymorphisms in the beta-2 adrenergic receptor gene are not associated with fracture risk or BMD.
Introduction
The sympathetic nervous system (SNS) influences bone remodeling in rodents by signaling through the beta-2 adrenergic receptor (B2AR) on the osteoblast. Osteoblast-specific deletion of the B2AR decreased bone resorption and led to an increase in bone mineral density [1] . To date, it is uncertain whether this mechanism also exists in humans. Retrospective observational studies in humans on the association of betablockers and fracture risk reported conflicting results, yet a recent meta-analysis showed a reduction in fracture risk with a relative risk around 0.85 [2] .
The B2AR is a G-protein coupled receptor (GPCR). Binding of a ligand to the receptor leads to activation of the enzyme adenylate cyclase and generation of cyclic adenosine monophosphate (cAMP). Ligand binding also leads to phosphorylation of GPCR kinases which promotes downregulation of the receptor [3] . The intronless B2AR gene is localized on chromosome 5q31-32 and encodes for a protein of 413 amino acids. In 1993, the first single nucleotide polymorphism (SNP) in the B2AR gene was reported [4] , and since then, many more SNPs have been identified. Four SNPs are non-synonymous and three of these are in the coding region of the gene [5] on amino acid positions 16 (Arg16Gly; rs1042713), 27 (Gln27Glu; rs1042714), and 164 (Thr164Ile; rs1800888). The SNP on position 164 has not been found in humans homozygously and has a low minor allele frequency (<5 %) [6] . The B2AR gene is highly evolutionary conserved, the mouse and human gene are 88 % similar (comparison based on amino acids), and this also applies to the region surrounding the polymorphisms.
In vitro [7, 8] and in vivo [9] experiments have shown that the Thr164Ile polymorphism lowers the binding affinity and activation of cAMP, leading to a signaling defect of the receptor. For the Arg16Gly and Gln27Glu polymorphisms, the Gly16 variant was shown to be more susceptible to agonistinduced downregulation whereas the Glu27 is more resistant. The Gly16 variant dominates the phenotype when both variants are present (reviewed in [10] [11] [12] [13] ). Clinical research has extensively shown an effect of B2AR gene polymorphisms in cardiovascular therapy [14] and asthma [15, 16] , and there are reports of B2AR gene polymorphisms influencing obesity [17] , healthy aging [18] , bacterial meningitis [19] , and Graves' disease [20] .
Since these studies show that the function of the B2AR can be influenced by polymorphisms, we hypothesized that these polymorphisms in the B2AR gene could also have an effect on bone metabolism. To examine the role of beta-adrenergic signaling in human bone metabolism, we investigated the association of these polymorphisms in the B2AR gene with fracture risk in the Utrecht Cardiovascular Pharmacogenetics (UCP) cohort and the Rotterdam Study cohorts. We also investigated the association with bone mineral density (BMD) using the meta-analysis of genome-wide association (GWA) data of the GEFOS consortium.
Materials and methods

Study design
We conducted nested case-control studies to assess the influence of SNPs in the B2AR gene on fracture risk in the Utrecht Cardiovascular Pharmacogenetics cohort and the Rotterdam Study cohorts (www.epib.nl/research/ergo.htm). In addition, we studied the influence of the SNPs in the B2AR gene on bone mineral density using the meta-analysis of GWA data of the GEFOS consortium (www.gefos.org).
The study was carried out in accordance with the principles of the Declaration of Helsinki. The Institutional Review Boards of the University Medical Center Utrecht (UCP) and of the Erasmus Medical Center (Rotterdam Study) in the Netherlands granted approval for the study. All subjects provided written informed consent. For the GEFOS Consortium, all studies were approved by their respective institutional ethics review committees, and all participants provided written informed consent.
Study populations
Utrecht cardiovascular pharmacogenetics cohort
Design and population The Utrecht Cardiovascular Pharmacogenetics cohort enrolled participants from the PharmacoMorbidity Record Linkage System (PHARMO RLS; Institute for Drug Outcome Research, www.pharmo.nl). PHARMO RLS is a registry linking among others pharmacy records to hospital discharge records of over three million individuals in the Netherlands continuously from 1985 onwards. The pharmacy records contain information on drugs prescribed, dispensing date, amount of drug dispensed, dose regimen, and prescription length. Drug prescriptions were coded according to the Anatomical Therapeutic Chemical Classification (ATC), and hospital discharge diagnoses were coded according to the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). Recruitment of subjects in the UCP was described previously [21] . Briefly, within all patients with hypertension and/or hypercholesterolemia in the PHARMO database, all myocardial infarction patients and matched controls (1 up to 12 matching for age, sex, and area of residence) were selected. In addition, a cohort of type 2 diabetes mellitus patients was selected. Community pharmacies recruited these subjects and after informed consent DNA and questionnaire information was collected. All patients selected in the context of these studies were used in the final UCP cohort (N=5126), and 2775 subjects had complete information on the relevant SNPs and medication. Patients were enrolled between 1985 and 2005, and median follow-up was 12 years (IQR 10.5-16.3 years).
Genotyping Participants either collected a buccal cell sample as described previously [22] or received an Oragene collection kit (DNA Genotek, Ottawa, Canada). DNA was extracted according to the manufacturer's instructions. Genotyping was performed with the Illumina (Illumina Inc. San Diego, CA, USA) IBS Candidate Gene array version 3, representing 53, 831 SNPs [23] . SNPs with a call rate <95 %, related samples, contaminated samples, and population outliers were excluded using PLINK [24] and EIGENSTRAT [25] .
Case definition Cases were defined by fracture during followup, and this was assessed by first hospital admission for fracture (ICD-9-CM codes 800 to 829). We distinguished the skull (800-804), vertebra (805-806), rib (807), pelvis (808), clavicula (810), scapula (811), humerus (812), arm (813), hand (814-817), hip (820-821), patella (822), leg (823-824), foot (825-826), and unspecified (809, 818-819, 827-829) fractures. All other subjects were defined as controls.
Determinants Age was determined at baseline. Medication use was classified as present if used ever during follow-up.
Rotterdam study
Design and population The Rotterdam Study is a prospective, population-based cohort initiated to study the determinants of chronic diseases, including osteoporosis. The study design has been described previously [26] . Briefly, the cohort included inhabitants 45 years of age and over of the Ommoord district in the city of Rotterdam in the Netherlands from 1990 onwards. To the original cohort (Rotterdam Study I), two extensions were added (Rotterdam Study II and Rotterdam Study III) in 2000 and 2006 and the total cohort now includes almost 15,000 individuals. At baseline, a home interview on medical history, risk factors for chronic diseases, and medication use was taken by trained interviewers and subjects underwent a clinical examination and laboratory and radiological investigations in a research center, and these examinations were repeated every 3 to 4 years. Of 10,768 subjects, medical information and relevant SNPs were complete and these were included in the present analysis, Genotyping Rotterdam Study samples were genotyped with the Illumina (Illumina Inc. San Diego, CA, USA) Infinium HumanHap550 HumanHap610 Beadchips. Participants missing DNA or information on body weight and height and samples with gender mismatch with typed X-linked markers, excess autosomal heterozygosity >0.336∼FDR>0.1 %, duplicates and/or first-or second-degree relatives using IBS probabilities >97 % and ethnic outliers using IBS distances>3SD from PLINK [25] were excluded. SNPs with a call rate <97.5 % and minor allele frequency <0.01 were excluded. Next, the data were imputed with reference to the International HapMap Project Case definition Cases were defined by fracture during followup. Fractures were assessed in the Rotterdam Study I and Study II by X-ray examinations (digitalized Fuji FCR system (FUJIFILM Medical Systems)) of vertebral bodies, hips, knees, and hand/wrist performed during the periodic examinations. Incident clinical fractures were obtained from computerized records of the general practitioners and hospital registries which were regularly checked by research physicians who reviewed and coded the fracture information [26] . In the Rotterdam Study III, fracture was assessed by vertebral fracture assessment using dual-energy X-ray absorptiometry. All other subjects were defined as controls.
Determinants Age and medication use was determined at baseline.
GEFOS
Design GEFOS or the Genetic Factors for Osteoporosis Consortium is a collaboration of several international research groups studying the genetics of osteoporosis using metaanalysis of GWA data with high-density SNP arrays. GEFOS has released summary data from their 2012 meta-analyses on femoral neck and lumbar spine bone mineral density tested in 32,961 subjects included from 17 studies (http://www.gefos. org/?q=content/data-release).
Genotyping In brief, genotyping and imputation were performed using standard protocols to facilitate metaanalysis, and quality control was carried out for each study independently. An extensive description can be found in [28] .
Bone mineral density assessment Lumbar spine and femoral neck bone mineral density were measured in all cohorts using dual-energy X-ray absorptiometry following standard protocols, described in detail in [28] .
Data analysis
Analyses were performed with SPSS for Windows (version 19.0; SPSS Inc., Chicago, IL) for UCP and MACH2DAT [29] run on the GRIMP web-based interface [30] for the Rotterdam Study. Differences between cases and controls were tested with a Student's t test. To assess the association between genotypes and fracture risk, logistic regression analysis was used. The analysis of the Rotterdam Study was adjusted for age, sex, length, and weight. To generate adjusted odds ratios in the UCP analysis, we included sex as a categorical variable and age as a categorical variable since the relation with fracture risk was non-linear and medication use as a categorical variable. The following medication groups were added to the model: glucocorticoids, bone-modifying drugs, anti-depressants, anti-epileptics, benzodiazepines, non-steroidal anti-inflammatory drugs, antidiabetics, antihypertensives (ACE inhibitors, AT2 antagonists, diuretics, alpha blockers, and calcium antagonists), and beta-blockers. There was no deviation from additivity; therefore, we used an additive genetic model. To test for haplotype effects in the UCP cohort, we used R statistical software for Windows (version 2.15 [31] , package: Haplostats [32] ). Meta-analysis was performed using Review Manager (version 5.2, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration 2012). Inverse variance with fixed effect was used to estimate the pooled odds ratio and the 95 % confidence interval. All tests were two-sided, and a p value of <0.05 was considered significant. In GEFOS, genome-wide association analysis for FN-and LS-BMD was carried out using sex-specific and age-and weight-and principal component-adjusted standardized residuals assuming an additive genetic model [28] . The final data files included pvalues after meta-analysis using regression coefficients (beta and standard error) and after correction for inflation of test statistics using genomic control both at the individual study level and again after meta-analysis.
Power calculation
With the present sample size of 2617 controls and 158 cases (ratio 16.6) in the UCP Study, odds ratios larger than 1.4 and 3.1 could be detected with 80 % power for SNPs with minor allele frequencies of 0.37 and 0.01, respectively. In the Rotterdam Study, the sample size of 8559 controls and 2209 cases (ratio 3.9) allows odds ratios larger than 1.1 and 1.53 to be detected with 80 % power for SNPs with a MAF of 0.37 or 0.01, respectively. For both calculations, a logistic regression model, an additive genetic model, and a two-sided significance level of 0.05 were used.
Results
Study populations
The Table 1 . Cases were significantly more likely to be female and older compared to controls, as expected. Furthermore, in the UCP cohort, cases more often used sleep and antipsychotic medication and non-steroidal anti-inflammatory drugs than controls, although absolute numbers of users were small. Conversely, controls were prescribed significantly more frequently beta-blockers and other antihypertensive and antidiabetic medication. Corticosteroid and bone-modifying drug prescriptions were rare among cases and controls. Genotype did not deviate from Hardy-Weinberg equilibrium. Minor allele frequencies were 0.37 (rs1042713 A allele), 0.45 (rs1042714 G allele), and 0.01 (rs1800888 T allele) both in the UCP, Rotterdam Study, and GEFOS, which is in accordance with previously published reports [10] .
Beta-2 adrenergic receptor genotype and fracture
In UCP, 158 fractures were recorded, one third of which were hip fractures, one of the major osteoporotic fractures. In the Rotterdam Study I, 1575 fractures were recorded, of which vertebral fractures accounted for a quarter and wrist and hip fractures combined for a third of all fractures. The Rotterdam Study II contained 129 fractures, a quarter of which were wrist and hip fractures and almost 20 % vertebral fractures. Five hundred fifty fractures were included in the Rotterdam Study III, all of which were vertebral fractures ( Table 2) .
We did not find an association between B2AR genotype and fracture neither in the UCP cohort nor in the Rotterdam Study (Table 3 ). In UCP, we adjusted for age, sex, and medication use, and we performed a haplotype analysis since strong linkage disequilibrium exists between the SNPs; however, the outcome remained the same. In UCP, we also analyzed the data as a cohort study; however, the fracture relative risks using Cox proportional hazard models were similar to the odds ratios. Meta-analysis of the combined nested casecontrol studies estimated a pooled odds ratio of 0.98 (95 % CI 0.91-1.05, p=0.52), 1.04 (0.97-1.12, p=0.28), and 1.16 (0.83-1.62, p = 0.38) for rs1042713, rs1042714, and rs1800888 per copy of the minor allele, respectively (Fig. 1 ).
Beta-2 adrenergic receptor genotype and bone mineral density
The GEFOS consortium reported p values after meta-analysis for FN-BMD of 0.924, 0.852, and 0.737 and for LS-BMD of 0.635, 0.364, and 0.346 for rs1042713, rs1042714, and rs1800888, respectively.
Discussion
In both the Utrecht Cardiovascular Pharmacogenetics and the Rotterdam Study cohorts, there were no associations of polymorphisms in the beta-2 adrenergic receptor with fracture risk. In the GEFOS consortium, there was also no association of B2AR alleles with bone mineral density.
The B2AR is involved in bone metabolism in rodents. B2AR knockout mice have an increased bone mass and treatment with beta-blockers or beta-agonists increases and decreases bone mass respectively [1, [33] [34] [35] [36] . The B2AR gene is highly evolutionary conserved; the mouse and human genes are 88 % similar (comparison based on amino acids), and this also applies to the region surrounding the polymorphisms ( h t t p : / / g e n o m e . u c s c . e d u / c g i -b i n / h g Tr a c k s ? d b = hg19&position=chr5%3A148206156-148208197&hgsid= 406908755_GVOKV49jJeWv0lNk5TyiXyon0z8p). In humans, the role of the B2AR in bone metabolism remains speculative. Epidemiological studies investigating the association between beta-blocker treatment and fracture risk presented inconclusive results, although a recent metaanalysis showed some fracture reduction with beta-blocker treatment [2] . Two recent studies support a role of the SNS in the regulation of human bone metabolism. We showed that bone resorption is increased in pheochromocytoma patients and normalized following adrenalectomy [37] . Pheochromocytomas are tumors of the adrenal gland, producing catecholamines, the natural ligands of adrenergic receptors. Farr et al. showed that sympathetic activity, as measured with [38] . Although both studies indicated that the SNS is involved in the regulation of human bone metabolism, they provided no information on the type of adrenergic receptor involved in the signal transduction from the SNS to bone cells. In mice, knockout of adrenergic receptors, including beta-1, beta-2 [39] , beta-3 [40] , alpha-2A, and alpha-2C [41] , results in distinct bone phenotypes, but the bone cell-specific effect has only been demonstrated for the B2AR. The type of adrenergic receptor involved in human bone metabolism remains largely unknown. Our data do not support a critical role for the B2AR. Polymorphisms in the B2AR gene are functionally relevant in vitro and in vivo [12] in diverse (patho)physiological processes. Mitchell et al. examined the genetics of heterotopic ossification, a skeletal complication in trauma and surgery patients, and identified an increased risk with a polymorphism (rs1042714) in the B2AR gene [42] . This suggests an effect of polymorphisms in the B2AR gene on bone metabolism. A genome-wide association study on bone mineral density has been performed, and the identified loci have been tested for an association with fracture risk, but the B2AR gene was not identified as a significant contributor in this study [28] . However, this does not completely exclude the possibility that polymorphisms in the B2AR gene are involved in bone metabolism. Liu et al. clearly showed in a set of elegant theoretical analyses using simulation studies that the power to identify certain loci depends, among others, on the number of causal SNPs, the effect size of the SNP, and the degree of heterogeneity of the studies [43] . Considering that osteoporosis is a multifactorial disease with probably many causal SNPs differing in effect size [44] and a considerable amount of heterogeneity in the GWAS populations, it remains possible that polymorphisms in the B2AR gene play a role in bone metabolism without being identified in a GWAS analysis. Therefore, candidate gene studies such as ours, based on sound animal experimental evidence, are still important to perform and report.
There are several limitations to this study. Subjects in the UCP cohort had an increased cardiovascular risk, and many were receiving beta-blockers (79 % of controls and 58 % of cases), which may have blurred an effect of the polymorphisms. Since 90 % of the beta-blockers prescribed were beta-1 selective with a low affinity for the beta-2 adrenergic receptor, the effect on the association between polymorphisms and fracture risk is probably limited. In addition, the lack of association did not change by adjusting the analysis for the use of beta-blockers (Table 3 ). In the UCP cohort, vertebral Overall, the populations of the UCP and Rotterdam Study were comparable, population-based prospective cohorts of middle-aged subjects. Therefore, in combination, the two cohorts provide a relevant population with an adequate sample size to investigate the hypothesis. However, some information on subject characteristics, such as vitamin D levels, smoking, BMI, prior fracture, and alcoholism, was not fully available in both cohorts, and therefore, we could not perform these secondary analyses. In addition, medication use was determined at baseline in the Rotterdam Study, and with over 20 years of follow-up, this could be very different at the time of fracture; therefore, we did not perform a medication-adjusted analysis for the Rotterdam Study. In the UCP cohort, medication use was determined as present if used during follow-up; therefore, all medication was included. This seems a reliable method for patients suffering from chronic diseases such as hypertension, diabetes, and epilepsy, which generally are long-term medication users, but could influence the results for incident medications such as sleep medication, known to increase fracture risk. However, we did observe a higher percentage of sleep medication use in cases, and considering the crude and adjusted odds ratio's for the associations between fracture and the polymorphisms, an effect of medication does not seem very likely.
The Rotterdam Study included prevalent radiographic vertebral fractures (diagnosed at the start of the study, so there is difficulty in defining follow-up time) and incident fractures (not only clinical fractures occurring during the course of the study but also radiographic vertebral fractures at the follow-up visit after 4 to 7 years, of which a significant proportion is asymptomatic, and thus, determining the exact time of fracture is impossible). Therefore, we chose to analyze the data of the Rotterdam Study as a case-control study. In addition, application of a Cox proportional hazard model to imputed SNP data requires special methods. The UCP cohort included incident fractures, occurring during the course of the study with accurate assessment of the fracture date from the hospital discharge database. Therefore, we re-analyzed the data of the UCP cohort using a Cox proportional hazard model, but this did not change the results.
Finally, although we did not observe any effect of polymorphisms in the B2AR gene on fracture risk and bone mineral density, this does not exclude the possibility of an effect of these polymorphisms through interaction with other, as yet, unknown genes. The original studies in mice were performed in one strain of mice, with the same genetic background. In humans of course, this is very different and it is difficult to control for variations in genetic background possibly affecting the effect of the gene on the outcome. We did analyze haplotypes, which could account for some genetic background variance; however, this did not change the results.
Furthermore, according to the GWAS studies on fracture, fracture risk is probably poly-genetically determined, and thus, interaction of the B2AR gene with other genes is possible. However, the animal studies showed profound influence on bone remodeling by the B2AR itself, and we know that the B2AR is highly conserved among humans and mice. In addition, we know that polymorphisms in the B2AR by itself influence receptor function. Therefore, if the B2AR influences human bone remodeling, we expected at least some effect of these polymorphisms on fracture risk and bone mineral density.
During the last decade, several lines of research have shown a role of the beta-2 adrenergic receptor in bone metabolism in rodents. In humans, there is convincing evidence that the sympathetic nervous system influences bone remodeling, although the exact mechanism is still unclear. In the present study, we aimed to elucidate the role of the beta-2 adrenergic receptor by investigating the effect of polymorphisms on fracture risk in two population-based cohorts and on bone mineral density using GWA data, but we did not find an association. For the future, the challenge remains to identify the exact pathway from the sympathetic nervous system to bone and to unravel this complex mechanism.
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